The work concerns the quasielastic charged current neutrino-neutron and antineutrino-proton interactions. Single, double, and triple spin asymmetries are computed and analyzed. The spin asymmetries are sensitive to the axial form factor of the nucleon. In particular, the target-recoil double spin asymmetry and the lepton-target-recoil triple spin asymmetry depend strongly on the axial form factor of the nucleon. Indeed, the sign and shape of these components depend on the axial mass parameter. All the asymmetries, except the lepton polarization, are observables well suited to study the nonstandard interactions described by the second class current contribution.
INTRODUCTION
The spin observables, in particles collisions, have been intensively studied for many years [1] [2] [3] [4] . They contain information about the structure of the scattering amplitude and the structure of the particles participating in the interaction. The meson photoproduction is a good example of the process for which the spin observables are utilized to constrain the form of the scattering amplitude [5, 6] . Another example is the elastic ep scattering. Indeed, from the measurements of the spin asymmetries the form factor ratio: G p E /G p M is extracted [7] [8] [9] [10] [11] [12] , G p E/M is electric/magnetic form factor of the proton, respectively.
In this work, we consider the polarization observables in the quasielastic charged current (CCQE) neutrino (antineutrino) -neutron (proton) scattering. Progress in studies of the fundamental properties of the neutrinos requires more precise knowledge of the neutrino-nucleon and neutrino-nucleus cross-sections [13, 14] . The CCQE ν µ -nucleon scattering is the process that is very important for the experimental investigations of the neutrino oscillation phenomenon. Indeed, in the long-baseline experiments, such as T2K [15] or Noνa [16] , the CCQE ν µ -nucleus events are analyzed to obtain the neutrino oscillation parameters and CP -violation phase. On the other hand, the theoretical description of the CCQE neutrino-nucleon interaction is the input for the nuclear models for the ν-nucleus scattering.
The CCQE ν µ n interaction is described by a simple model. Indeed, the scattering amplitude is parametrized by four form factors, two vector and two axial. The axial contribution dominates the CCQE cross-section. After some simplifications, it is parametrized by the axial form factor F A [17] . The accurate estimate of the axial nucleon form factor F A is necessary to reduce the uncertainty of the predictions of the neutrino-nucleus scattering cross-sections, which is desired to lower the systematic uncertainty of the measurement of the oscillation parameters and the CPviolation phase, in the lepton sector.
The axial nucleon form factor is extracted from the neutrino-nucleus scattering data. However, it is a difficult task because of the complexity of the nuclear effects [18] . So far the most accurate information about F A is obtained from the analysis of the neutrino-hydrogen and the neutrino-deuteron scattering data [19] [20] [21] [22] [23] [24] [25] . Usually, to simplify the analysis, it is assumed that F A has a dipole form. However, an effort has been made to search for deviations from the dipole shape [26] [27] [28] [29] [30] . Unfortunately, to get clear evidence for a non-dipole dependence, it is necessary to collect more informative data.
The so-called second class current (SCC) introduced in 1958 by Weinberg [31] describes not allowed by the standard model contribution to the electroweak nucleon vertex. In last several decades the SCC has been studied theoretically (for recent review see Fatima et. al [32] ) and experimentally [22, [33] [34] [35] . However, no evidence for the SCC contribution has been obtained so far.
The studies of the spin properties in the CCQE ν-nucleon interactions should extend our knowledge about the elementary electroweak nucleon vertex. Indeed, we showed [36] [37] [38] that the spin observables contain nontrivial in-formation about the nonresonant background contribution in the single pion production (SPP) processes induced by interactions of neutrinos with nucleons. In this work, we aim to study the axial and the SCC contributions to the spin observables in the CCQE scattering. In particular, we focus on the investigation of the sensitivity of the spin observables to the axial and SCC form factors.
We consider seven spin observables. Among three single spin asymmetries: the recoil polarization asymmetry, the lepton asymmetry, and the polarized target asymmetry, the last one has been not discussed for the CCQE scattering yet. But it was studied for the SPP in the neutrino-nucleon scattering [38] . Already in the sixties, Adler [39] , Pais [40] and Block [41] investigated the properties of the polarization of the recoil nucleon and the charged lepton in the CCQE neutrino-nucleon interactions. Report by Llewellyn-Smith [42] summarizes these works. Recently, the polarization properties of the τ -lepton, produced in the CCQE ν τ -nucleon scattering, have been investigated [43] [44] [45] . Bilenky and Christova studied the axial contribution to the nucleon polarization in the CCQE ν µ -nucleon scattering [46, 47] . Whereas in Ref. Fatima et al. [32] , the SCC contribution to the lepton and the recoil nucleon polarizations is estimated. Eventually, the polarization properties of the final lepton and the knock-out nucleon, in the CCQE neutrino-nucleus scattering, are discussed in Refs. [48] [49] [50] and [51] , respectively.
Besides the polarization asymmetries, we consider the lepton-recoil, target-lepton, target-recoil double spin asymmetries as well as target-lepton-recoil triple spin asymmetry. All these observables have been not studied for the CCQE scattering yet.
To discuss the physical properties of the asymmetries, we calculate their components in spin basis (they are given in the Appendixes). Eventually, we provide with the numerical analysis of the results. We show that the spin observables contain the information about the axial structure of the nucleon, which is complementary to the spin averaged crosssection measurements. They are also sensitive to possible signals from the nonstandard interactions, described by the second class currents (SCC). In particular, the target-recoil asymmetry is sensitive to the axial form factor. Indeed, the sign and the shape of transverse-transverse and normal-normal components of the target-recoil asymmetry depend on the value of the axial mass M A . Similar dependence is obtained for the components of the lepton-target-recoil asymmetry (longitudinal-normal-normal, longitudinal-transverse-transverse, and longitudinal-transverse-normal).
The paper is organized as follows: in Section 2, the necessary formalism is introduced. Section 3 contains the definition of the spin observables, Section 4 presents the discussion of the numerical results. Appendix A presents convention and normalization used in the paper, whereas Appendix B contains analytic formulas for the spin asymmetries in the vector and the tensor form. Finally, Appendix C presents the components of the asymmetries calculated in spin basis.
FORMALISM

Kinematics
Let us consider two CCQE scattering processes: ν µ (k) + n(p) → µ − (k ) + p(p ), ν µ (k) + p(p) → µ + (k ) + n(p ), (1) where N = p (proton) or N = n (neutron). The momenta of neutrino, lepton, target nucleon and recoil nucleon are denoted as it is given below
where E k = √ k 2 + m 2 . In the next part of the text, m and M stand for the lepton and the averaged nucleon mass, respectively.
The four-momentum transfer is defined by:
where ω and q denote the transfer of an energy and a momentum, respectively. The components of the asymmetry tensors are calculated in the coordinate system so that: z-axis goes along the momentum q, hence q µ = (ω, 0, 0, |q|), the axis z and y lie in the scattering plane spanned by k and k vectors, whereas x is normal to the scattering plane, see Fig. 1 .
The spin asymmetries are expressed as functions of the Mandelstam variables: t = q µ q µ ≡ q · q = q 2 = −Q 2 , s = (p + k) 2 , u = (p − k ) 2 .
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The polarization basis vectors for the fermions in the CCQE ν-nucleon scattering. The full (green) ball denotes the target. The blue, red and green arrows are the momenta of the neutrino, the charged lepton, and the recoil nucleon, respectively. The vectors χ, ξ and ζ are the elements of the basis for the spins of target, recoil nucleon, and lepton, respectively.
The analytic formulas take simpler form when the scalar
is used.
Cross-section
The differential cross-section, in the laboratory frame, is given by the formula
where M is the scattering matrix. In the one-boson exchange approximation it has the form
where G F = 1.16639 · 10 −5 GeV −2 is a Fermi constant; θ C is the Cabibbo angle, cos θ C = 0.9737; by s l , s N and s N the charged lepton, the target nucleon and the recoil nucleon spins are denoted, respectively. The spin of the neutrino is omitted as it is a state of definite helicity. The M matrix is given by the contraction of lepton current,
with hadron current,
where Γ µ + (q) is the electroweak nucleon vertex. Its analytic form is given in the next section. After several simplifications the differential cross section reads
where
is the hadronic tensor, whereas
is the lepton tensor, x = ±1 for neutrino/antineutrino, / k = γ µ k µ . In the above expressions the projection operator
is introduced. Notice that for fully polarized state s µ s µ = −1. The differential cross-section, averaged over initial spins and summed over final spins, reads: dσ/dt = 4dσ 0 /dt.
Hadronic current
The hadronic current has the vector-axial structure. Indeed the electroweak nucleon vertex reads [42, 52] Γ µ
The functions F V i and F A i (i = 1, 2, 3) refer to vector and axial form factors of the nucleon, respectively. If one assumes time reversal invariance (standard recruitment), then all form factors are real.
It is convenient to characterize the elements of the weak current according to the G-parity transformation [31] . The vector current contributions, described by F V 1 and F V 2 form factors, transform similarly as their analogs in the Standard Model. Similarly, the axial current induced by the F A and F P has the same G-parity property as their analog in the Standard Model. Hence the standard part of the electroweak vertex reads
Then u(p )Γ µ + (1) u(p) is called the first class current. There are many phenomenological parametrizations of the vector form factors, see e.g. [53] . But without losing the generality of the discussion we consider the dipole parametrization [54] :
where µ p = 2.793 and µ n = −1.913 are proton and neutron magnetic moments expressed in nuclear magneton unit, whereas
The parametrization of the axial form factor, used in the analysis, is given in Sec. 4. The pseudoscalar axial form factor, F P , is related to F A as follows [17] 
where m π is the pion mass.
If the G-parity is weakly violated, then the form factors F V 3 and F A 3 do not vanish, and contribute to the so-called second class current:
We impose the conserved vector current theorem to constrain the SCC. Then F V 3 = 0, however, there is no such constraint for the axial F A 3 form factor. Therefore F A 3 is the function that parametrizes the SCC contribution. To distinguish between the first and the second class contributions we introduce the notation:
In the above H µν (1) refers to the standard hadronic tensor (the first-class contribution only), whereas H µν (12) and H µν (2) describe the second class current contributions to the hadronic tensor. The spin averaged cross-section is easily calculated. Indeed, assuming the full form of (15) and reality of the form factors one gets:
and
Above results are consistent with [42] .
SPIN OBSERVABLES
In the most general case the differential cross-section formula has the form:
The above expression contains seven spin observables [5] :
(i) recoil polarization asymmetry P µ N ; (ii) lepton polarization asymmetry P µ l ; (iii) polarized target asymmetry T µ N ; (iv) lepton-recoil asymmetry A µν lN ; (v) target-lepton asymmetry B µν lN ; (vi) target-recoil asymmetry C µν N N ; (vii) target-lepton-recoil asymmetry D µνα lN N . We calculated the spin asymmetry vectors and tensors using the full form of the current (15) and assuming that the form factors are complex-value functions. The analytic results are given in Appendix B.
Vector and tensor components of spin asymmetries
We introduce the spin basis to discuss the physical properties of the spin asymmetries:
• basis for the outgoing lepton (see Fig. 1 )
where L, T and N denote: longitudinal to the lepton momentum, transverse to the lepton momentum and normal to the scattering plane components, respectively;
• basis for the recoil nucleon: • basis for the target nucleon:
Notice that, we have made the standard choice for the basis vectors for the lepton (31) and recoil nucleon (32) . For the target nucleon, the longitudinal vector is parallel to the neutrino momentum, and χ µ N is normal to the scattering plane.
Having the spin basis we calculate the longitudinal (L), transverse (T), and normal (N) components of the polarization asymmetry for the recoil nucleon and the outgoing lepton
respectively. If all the form factors are real then
Three independent components of the polarized target asymmetry are given by:
For real form factors T N N = 0. The components of the double spin asymmetry tensor are defined by
For real form factors Then each tensor has five non-vanishing components.
Eventually the components of the triple spin asymmetry are defined by
When the form factors are real the components given by the contraction of D µνα lN N tensor with odd number of normal basis vector vanish e.g. D N LT lN N = 0 or D N N N lN N = 0, hence, there are 14 independent components. Tensor components of the spin asymmetries, calculated assuming that form factors are real and F V 3 = 0, are given in Appendix C.
NUMERICAL RESULTS AND DISCUSSION
We start the discussion of the results from the analyses of the sensitivity of spin asymmetries to the axial contribution. The numerical calculations are made assuming that:
• All form factors are real;
• the SCC vanishes, hence F V 3 = 0 and F A 3 = 0; • the axial form factor is given by the dipole parametrization:
where M A is the axial mass, which for the default value takes 1 GeV, and g A = 1.2723 ± 0.0023 [55] . In the pre-analyses, we considered also the non-dipole parametrization of F A defined by the sum of two poles [27] . But it turned out that effectively this parametrization works very similarly as the dipole with M A = 1.4 GeV. Therefore, in this work, we present the results only for F A given by Eq. 40. To mimic different shapes of the F A the value of M A is varied, namely, M A = 0.8, 0.9, 1.0, 1.1 and 1.2 GeV. In Figs. 2 and 3 we present the dependence of the components of the single-spin asymmetries on the energy. Both the CCQE processes are taken into consideration, namely ν µ n and ν µ p interactions. The impact of the axial contribution on the recoil nucleon and the lepton polarization is discussed in Refs. [32, 32, 46] . Our results confirm the conclusions of previous investigations, namely, the outgoing muon polarization, for both types of processes, weakly depends on the shape of the axial form factor. But the recoil polarization, for the ν µ p scattering, is sensitive to F A .
As has been mentioned in the introduction, the polarized target asymmetry has been not studied yet. Similarly as for P N the longitudinal and transverse components of the T N , calculated for ν µ p scattering, are sensitive to the axial contribution. The change of the functional Q 2 -dependence of F A results in distortion of the shape of the components of T N . This effect is the strongest for the antineutrino scattering for large Q 2 values, see Fig. 4 .
The double spin asymmetries, as a function of energy, are plotted in Figs. 5 and 6. Among three tensors A lN , B lN and C N N , the last one -the target-recoil double spin asymmetry is the most sensitive to the axial contribution. In particular, this effect is visible for the components C T T N N , and C N N N N . Indeed, a reduction of the axial mass leads to an increasing of the amplitude of the components C T T N N , and C N N N N and a change of their signs from positive to negative. Indeed, for instance for ν µ p scattering at fixed energy (E = 1 GeV) for large values of M A the observables C T T N N and C N N N N are negative whereas for large M A they take the positive values in full Q 2 range, see Fig. 7 . Hence, the asymmetries C T T N N and C N N N N are well suited observables for estimation of the value of the M A and for studies of the Q 2 -dependence of F A . For an illustration of this property let us present the numerical solutions of two equations, obtained for the CCQE ν µ p scattering:
The roots of the above equations depend on the value of M A , see Fig. 8 . Notice that for too small values of the axial mass the first equation has no solution, whereas for too large values of M A the second equation has no roots. Moreover, for the value of M A ≈ 1.0 GeV suggested by the recent neutrino scattering data analyses, the roots of Eq. 42 monotonically depend on M A . The triple spin asymmetry, D lN N is shown in Figs. 9 and 10. Similarly as for the tensor C N N the spin asymmetry components calculated for ν µ p scattering are more sensitive to the axial form factor shape than the components calculated for neutrino scattering. In Fig. 11 we plot the Q 2 -dependence of the components of the D lN N tensor. The most sensitive to the shape of the axial form factor are the symmetries obtained from the contraction of the longitudinal component of the lepton spin vector with the tensor D µνα lN N , namely, the components D LN N lN N , D LT T lN N and D LT N lN N . Analogically as for the double spin asymmetry case, the sign of these components depends on the value of 
The SCC contribution in the lepton and the recoil spin asymmetries was studied in Ref. [32] . In our analysis, we additionally consider polarized target asymmetry, three double spin asymmetries, and triple spin asymmetry. In this part of the work, the numerical results are obtained assuming that:
• All form factors are real; Fig. 9 but for the CCQE ν µ p scattering.
• F A 3 form factor is given by [32] :
where F
A is unknown parameter and for numerical calculations F 3 A (0) = −1, 0 and 1; To reduce the number of figures, we show only the components of the spin asymmetries which are sensitive to change of F 3 A . In Fig. 12 the single spin asymmetries are plotted whereas in Figs. 13 and 14 we show the double spin asymmetries, as a function of energy, calculated for ν µ n and ν µ p interactions, respectively. The triple spin asymmetries are plotted in Figs. 15 and 16. Concluding this part, we state that outgoing muon spin asymmetry is insensitive to the SCC contribution, whereas other single, double and triple spin asymmetries are good observables for studying the signal from the non-standard interactions. 
SUMMARY
The spin observables in the CCQE ν µ n and ν µ p interactions have been studied. We considered seven spin asymmetries. Five of them, namely, the polarized target asymmetry, double and triple asymmetries have been not discussed yet. All asymmetries were calculated analytically, they are given, in the covariant form, in Appendix B. To discuss the physical properties of the asymmetries, we introduced the spin basis vectors and the physical components of the asymmetries were computed and given in Appendix C. Eventually, we studied the dependence of the spin asymmetries on the axial and SCC contributions.
We showed that the target-recoil asymmetry, C N N , as well as the lepton-target-recoil asymmetry, D lN N , are well suited observables for studying the the axial nucleon form factor. Indeed, the sign and magnitude of the components C N N N N , C T T N N depend strongly on the axial mass value. Similar effect is found for the components D LN N lN N , D LT T lN N and D LT N lN N . Eventually, we showed that all the spin asymmetries, except the lepton polarization asymmetry, are promising observables for investigation of the non-standard interactions in the neutrino scattering processes. For the Levi-Civita tensor we keep the normalization so that
The Dirac field of 1/2-particle of mass M , momentum p and spin s is normalized so that: The results are obtained for full form of the charged current (15) assuming that the form factors are complex. This appendix contains first class current result denoted by subscript (1), interference between first and second class current contributions (12) and pure second class current contribution denote by (2) .
Recoil polarization asymmetry
Polarization asymmetry of the charged lepton
Lepton-recoil asymmetry
Target-lepton asymmetry
Target-recoil nucleon asymmetry
Target-recoil-nucleon-charged lepton asymmetry +su(4(−(p µ g λν ) + q ν g λµ )t + k λ (8p µ q ν − (p, q, µ, ν)x))) ] (B18)
Appendix C: Components of the spin asymmetries
Below we give all non-vanishing components of the single, double and triple asymmetries. They are calculated assuming that the form factors are real and F V 3 = 0.
Lepton polarization asymmetry
β is the angle between k and q.
Polarized target asymmetry
Target-recoil asymmetry
Target-lepton-recoil asymmetry [ 4F V 1 F A 3 M 2 t(4m 6 M 2 + m 4 (−m 2 − 12M 2 )t − su 3 t + su 2 (m 2 − t)t +3m 2 (m 2 + 4M 2 )t 2 − (3m 2 + 4M 2 )t 3 + t 4 + su(−4m 4 M 2 + m 2 (m 2 + 8M 2 )t − 2(m 2 + 2M 2 )t 2 + t 3 )) + 4F V 2 F A 3 M 2 t(4m 6 M 2 + m 4 (−m 2 − 12M 2 )t − su 3 t + su 2 (m 2 − t)t + 3m 2 (m 2 + 4M 2 )t 2 +(−3m 2 − 4M 2 )t 3 + t 4 + su(−4m 4 M 2 + m 2 (m 2 + 8M 2 )t + 2(−m 2 − 2M 2 )t 2 + t 3 )) + 4F A 3 F A M 2 sut(−4m 4 M 2 + su 3 + m 4 t + 4M 2 t 2 − t 3 + su 2 (2m 2 + t) + su(m 2 (m 2 − 12M 2 ) + 2(m 2 + 2M 2 )t − t 2 ))x + F A 3 F P m 2 t(su 3 t + 2su 2 (−2m 2 M 2 + (m 2 + 2M 2 )t − t 2 ) + su(−4m 4 M 2 + m 4 t + 4M 2 t 2 − t 3 ) +2(16m 4 M 4 + 8m 2 M 2 (−m 2 − 4M 2 )t + (m 4 + 16m 2 M 2 + 16M 4 )t 2 + 2(−m 2 − 4M 2 )t 3 + t 4 ))x +su(16m 4 M 4 − 32m 2 M 4 t + (−m 4 + 8m 2 M 2 + 16M 4 )t 2 − 8M 2 t 3 + t 4 ) + 14m 2 M 2 (m 2 + 4M 2 )t 2 +2(8m 6 M 4 + 2m 4 M 2 (−m 2 − 20M 2 )t + (−m 4 − 22m 2 M 2 − 24M 4 )t 3 + 2(m 2 + 5M 2 )t 4 − t 5 ))x ] (C80) +2(m 2 + 4M 2 )t 3 − t 4 )) +(5m 2 + 12M 2 )t 4 − 2t 5 + sut 2 (m 2 (−m 2 + 8M 2 ) − 8M 2 t + t 2 ) + su 2 t(4m 2 M 2 − (3m 2 + 4M 2 )t + 2t 2 ))x
+2(−m 2 − 4M 2 )t 3 + t 4 )) + F A 3 F A t(4m 6 M 2 + m 4 (−m 2 − 12M 2 )t + 3m 2 (m 2 + 4M 2 )t 2 + (−3m 2 − 4M 2 )t 3 + t 4 + 2su 3 (−2M 2 + t) +su 2 (−8m 2 M 2 + 3m 2 t − t 2 ) + 2su(16m 2 M 4 + 8M 2 (−m 2 − 2M 2 )t + (m 2 + 8M 2 )t 2 − t 3 ))x + F A 3 F P t(4m 6 M 2 + m 4 (−m 2 − 12M 2 )t − su 3 t + su 2 (m 2 − t)t + 3m 2 (m 2 + 4M 2 )t 2 + (−3m 2 − 4M 2 )t 3 +t 4 + su(−4m 4 M 2 + m 2 (m 2 + 8M 2 )t + 2(−m 2 − 2M 2 )t 2 + t 3 ))x ] (C86)
